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SUMMARY

Compressivestress-straintestresultsfor2024-!C3aluminum-alloy
sheetarepresentedfortemperaturesrangingfromroomtemperatureto
70Q0F andforexposure”timesfromO.1to 100hours.Allspecimens
wereloadedparalleltotherollingdirectionofthesheetandtested
at a nominalstrainrateof 0.002perminute.Stress-straincurvessre
presentedforeachtemperatureandexposuretimeinvestigated,s.ndsignif-
icantdesigndataobtainedfromthecurves(compressiveyieldstress,
Young’smodulus,secsmtandtangentmoduli,andtwostressesusefulfor

L determiningthemsximwncompressivestrengthofplates)we presentedin
graphicalandtabulsrform. A rate-processrelationshipisusedto

2 determinetheexposuretimethatproducesa meximumcompressiveyield
stressfora giventemperatureanda time-temperaturepmsmeterderived
fromrate-processtheoryisusedtopresentthecompressiveyield
stressesasa singlemastercurve.

INTRODUCTION

Msmystudieshavebeenmadeto determinetheeffectsof elevated
temperatureandexpcxuretimeonthecompressivestress-strain.proper-
tiesof aluminum-alloysheet.(See,forexsmple,refs.1 to3.) Although
theseexperimentalstudiescovereda widerangeoftemperaturesand
exposuretimes,no datawereobtainedwhichindicatetheeffectsof
shortexposuretimes(lessthsm1/2hour)ontheelevated-temperature
compressivepropertiesofthesealloys.Inaddition,forlongerexpo-
suretimes,compressivestress-strainpropertieswereobtainedonlyfor
temperatureincrementsof about100°F. Thepresentstudywasmadeto
determinetheeffectsof shortexposuretimeonthecompressivestress-
strainpropertiesof aluminum-alloysheetsmdalsoto obtainconven-
tionalcompressivestress-straincurvesforlongerexposuretimes(up
to 100hours)atsmalltemperatureincrements.

*
Inthepresentinvestigation,compressivestress-straincurves

●
wereobtainedfrom2024-T3al.uminum-alloysheetforexposuretimes
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from0.1to 100hoursandfor‘temperaturesfromroomtemperatureto
700°F. A similarstudywasmadeon7075-T6aluminum-alloysheet.(See
ref.4.)

b
Thestress-straincurvesareyresentedforeachtemperature

andexposuretimeinvestigatedandsignificantdesigndataobtainedfrom
thecurvesaregiveningraphicalandtabularform.A studywasmadeto
determinewhethertheexposuretimethatproducesa maximumcompressive
yieldstressata giventemperaturecanbepredictedwiththeuseofa
rate-processrelationshipandto determinewhetherthecompressiveyield

a

stressesforvariouscombinationsoftemperatureand
plottedasa singlecurveagainsta time-temperature
fromrate-processtheory.

SYMBOIS

strain .-

stress,psi

exposuretimecanbe
parsmeterderived

x

%y

a3

E

Es

Et

t

T

TR

0.2-percent-offsetcompressiveyieldstress,psi

stressatwhich Et = ~ Esypsi

stressatwhich ~ = ~ E~,psi

Young’smodulus,psi

secantmodulus,psi

tangentmodulus,psi

exposuretime,hr

temperature,oF

temperature,OR

TESTSPECIMENSANDPROCEDURES

Thecompressivestress-strainspechnenswere1.00inchwideand
2.52inches10ng. All specimensweremachinedfromonesheetof

——

9
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202h-T3sluninunalloyof0.064-inchnominalthicknesswiththelongitu-
4 dinalaxesofthespecimensyrsd.lelwiththerollingdirectionofthe

sheet.Thespecimensweretestedinthecompressivestress-strainequip-
mentshowninfigure1 snddescribedinreference5. Temperaturevaria-
tionoverthel-inchgagelengthofthespecimensdidnotexceed5°
duringthetests,andspechnentemperaturesduringthetestsweremain-
tainedwithint5°F ofthenominalte~ttemperature.Therateofloai@g
wascontrolledtoachieveas closelyaspossiblea strainrateof
0.002perminuteforallspecimens.

Forexposuretimesof1 hourorless,thespecimenswereinserted
inthepreheatedcompressivestress-straintestfixturesandweremain-
tainedattesttemperatureforthedesiredtimepriorto loading.Expo-
surethe forthesespecimensisdefinedasthetimeattestt~erature
priorto loadingplusthettierequiredto loadthespecimenstothe
compressiveyieldstress.Forexposuretimesgreaterthan1 hour,the
specimenswereheatedinan ovenatthedesiredtesttemperaturesfor
thedesignatedexposuretimes.Thesespecimenswerethencooledto room.
temperatureandsubsequentlyreheatedto thetesttemperaturesinthe
compressionstress-strainequipmentpriorto loading.Testingofthese
specimensbeganimmediatelyafterthedesiredtesttemperaturewasA achieved.

4 Threespecimensweretestedat eachtemperaturefora 0.5-hour
exposure.Onlyonespecimenwastestedat eachoftheothertemperatures
andexposuretimes.

RESULTSANDDISCUSSION

TestResults

Compressivestress-straincurvesobtainedfromthetestsfortem-
peraturesup to 700°F andfora 0.5-hourexposureat theelevatedtern-
peraturesaregiveninfigure2. Thecurvesaretypicslresultsobtained
fromtestsofthreespecimensat eachtemperature.The0.2-percent-
offsetcompressiveyieldstressesareindicatedby thetickmarks.Fig-
ures3 to 15presentcompressivestress-straincurvesobtainedfortest
temperaturefrom200°F to 700°F andforexposuretimesfrom0.1to
100hours.A summaryofthecompressivepropertiesobtainedfromthe
stress-straincurvesshowninfigures2 to 15 isgivenintableI.

A curveofaveragevaluesofYoung’smodulusobtainedfromthe
testsat eachtemperatureisgiveninfigure16. Thescatterinthe

* experimentalvaluesofYoung’smodulusrangedfromapproximately*2per-
centatthelowtesttemperatwesto*5percentatthehightesttemper-
atures.No significantchangeinYoung’smoduluswasobtUnedata given4
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temperaturefordifferentexposuretimes.Resultsof studiesby previous
investigatorshave-indicatedthatno signif’ic~tchangeinYoung’smodulus
shouldbe expectedfordifferentexposuret@es ata giventemperature.
(Forexsmple,seeref.3.)

Theeffectofexposvetimeatthedifferenttesttemperatureson
thecompressiveyieldstressisshotiinfigure17. Experimentalresults
areshownby thesymbols.Solidlinesaredrawnthroughthedatawithin
‘therangeof exposuretimesinvestigatedateachtemperature.Thedashed
curvesindicateestimatedvaluesof conrpressiveyieldstressesobtained
froma crossplotofthedatainfigure17 intotheformshowninfig-
ure18. Exposuretimesrangingfrom0.1to100hoursappeartohaveno
significanteffectonthecompressiveyieldstressfortemperaturesup
to 250°F. At 300°F artificialagingproducesan increaseinthecom-
pressiveyieldstressforexposuretimesgreaterthan10hours.From ‘
350°F to 425°F thecompressiveyieldstressisincreasedto a maximum
valueby artificialagingfordifferentexposuretimesateachtempera-
ture; however,additionalexposureproduces-~veragingwitha resultant
decreasein strength.Above4250F thecompressiveyieldstresswas
maxtiumfortheshortestexposurethneateachtesttemperatureand
decreasedcontinuallywithincreasingexposuretime. Theincreasein
compressivestrengthobtainedwiththe2024-T3aluminum-alloysheetat
varioustemperaturesisanticipatedbecausethismaterialinthe“as
received”conditionisnaturallyaged.Artvicialagingresultingfrom
exposureatelevatedtemperaturesproducessm increasein strength.In
contrast,thecompressivestrengthof7075-T6aluminum-alloysheetis -
notincreasedby exposureatelevatedtemperaturesbecausethismaterial
inthe“asreceived”conditionisartificiallyagedtomaximumstrength.
(Seeref.4.)

.,

Figure19presentsthechangeof secantmoduluswithstressfor
temperaturesrangingfromroomtemperatureto 700°F fora 0.5-hourexpo-
sureattheelevatedtemperatures.Figures”20to 32 showthechangeof
secantmoduluswithstressateachtesttemperaturefordifferentexpo-
suretimes.Thechangeoftangentmoduluswithstressattheelevated
temperaturesisgiveninfigure33 forthe~.5-hourexposureandinfig-
ures34to 46for“allotherexposuretimesinvestigatedattheelevated
temperatures.Thesecantandtangentmodulipresentedhereweredeter-
minedfromstress-straincurvesobtainedfoFa give-nstra”inrate.Con-
siderablydifferentvaluesoftangentmodulimaybe expectedforother
strainrates; however,thevaluesof secantmodulusarenotexpectedto
changeappreciably.

*
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Figures47and48presentthechanges-ofa2 and U3,respectively,
withexposuretimeforthe
U2 and 03 asdefinedin

differenttesttemperatures.Thestresses e
reference6 aret-hestressesatwhich —

J.—..
respectively.Thesestresseswereshownto k
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be usefulinthedeterminationofMSX- compressivestrengthofplates
- (ref.6)andmayalsobe consideredtobe suitabledefinitionsofthe

compressivestrengthofmaterialsat elevatedtemperatures.Both a2
and U3 showchangeswithexposuretimeatthedifferenttesttempera-
turesthatapproximatethechangesinthecompressiveyieldstress.The
compressiveyieldstress,however,isgreaterthaneitherCJ2or cr3
at anycorrespondingtemperatureandexposuretime. Thevaluesof cr2
and U5 determinedfromeachstress-straincurvearelistedintableI.

PredictionofTime-TemperatureCdinationsThat

ProduceMaximumYieldStress

Thefollowingrate-processrelationshipwasinvestigatedto deter-
minewhethertime-temperaturecozibinationswhichprcducemsxhxncom-
pressiveyieldstressescanbepredictedsatisfactorily:

Iqe
-AH/RT1 -AH/RT2

= t2e

where
4

tl)ta exposuretime,hr

Tl,T2 temperature,%

R

AH

universalgasconstant,1.10. ml
mol-%

(1)

activationenergyforaIuminumSJLoys,36 x 103 Q& (ref.7)

Experimentaldatagivenintheliterature(forexsznple,fig.8 ofref.8)
indicatethatmsximumcompressiveyieldstressfor2024-T3aluminum-alloy
sheetisobtainedfor T1 = ~0° F and tl =l~hours. Thistfme-
temperaturecotiinationwasstistitutedintoequation(1)to determine
othertime-temperatureconibinationsthatwereexpectedto givemsximum
compressiveyieldstress.Thepredictedtime-temperaturecmibinations
areshownby thecurveinfigure49. Experimentalresultsobtainedfrom
thecurvesof figure17 areshownbythesyubolsinfigure~. me pre-
dictedresultsareingoodagreementwiththeexperimentaldata. Equa-
tion(1)thusappearstobe satisfactoryforestimatingtime-temperature
cotiinationsthatgivemsximumvaluesof compressiveyieldstress.In
addition,tensile-yield-stressdatafor2024-T3almninum-alloysheet

d (refs.9 and10)indicatethatequation(1)willalsopredicttime-
temperatureconibinationswhichproducemsxinnuntensileyieldstresses.
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MasterCompressive-Yield-Stresscurve.

A time-temperatureparameterusedpreviouslyforcorrelatingthe
b

hardnessof steelswithtimeandtemperingtemperat~es(ref.11)was
investigatedtodeterminewhethertheyieldstressesshowninfigure17”
couldbe presentedasa singlemastercurve.Thettie-temperatureparam-
eteris %(28 + Ioglot),where ~ istemperatureindegreesRankine, ““
28isa materialconstant(determinedfromequation[A~ ofref.11),
and t isexposuretimeinhours.Compressiveyieldstressesobtained
inthepresentinvestigationareplottedasa functionofthetime-
temperatureparameterinfigure50. Testresultsareshownfortempera-
turesfrom300°F to 700°F andforexposuretimesfrom0.1to10Qhours.
Compressiveyieldstressesfortemperaturesbelow300°F areomttted
fromthisfigure.Fortheserelativelylowtesttemperaturesno signi-
ficantchangesinyieldstresseswereobtainedintherangeofexposure
timesinvestigated.Theexperimentalcompressiveyieldstressesthat
arejoinedby thedashedlinesinfigure50wereobtainedfortime-
temperaturecombinationswhichdonotproduceeithermaximumcompressive
yieldstressoroveraghgofthematerial.Suchtime-tanperaturecombi-

.-

nationsalllieintheregionbelowthecurveinfigure49. Theexper-
imentalcompressiveyieldstresseswhichlieonthemastercurve(solid
line)offigure50wereobtainedfortime-temperaturecotiinationsthat

*

lieonthecurveoffigure49or intheregionabovethiscurve.The
.

mastercurveoffigure50 appearsusefulforesthatingcompressiveyield
~.

stressesfor2024-T3sluminum-alloy(withinthetime-temperaturerange
investigated)withthefollowinglimitations:Onlythosethe-temperature
conibinationsthatcorrespondtomaximumstrengthoroveragingofthe
material(fig.49)maybe considered.No dataareavailableatpresent
to indicatewhetherthemastercurvecanbeusedsuccessfullytopredict
compressiveyieldstressesoutsideofthetime-temperaturerangeinves-
tigated,particularlyforveryshortexposure..ttiesathightemperatures.

CONCLUDINGRXMARKS ,

Theresultsofcompressivestress-straintestsof2024-T3aluminum-
alloysheetindicatethatexposurethnesrangingfrom0.1to100hours
produceno significantchangein compressiveyieldstressfortempera-
turesUP tO 250° F. At 300°F thecompressiveyieldstressisnot
changedappreciablyuntilafteran exposme_of10hours.Fortempera-
turesfrom350°F to 425°F thecompressiveyieldstressincreasesasa
resultofartificialagingto a maximumvalueatdifferentexposuretimes
whichdependonthetemperature.Exposuretimeswhichgivemaximumvalues““
of compressiveyieldstressinthistemperaturerangearepredictedby a “- ~ -
rate-processrelationshipmd areingoodagreementwiththe~erimental
results.From425°to700°F thecompressive,yieldstressforeachtest
temperatureismsximumattheshortestexposuretimeof0.1hourand !7-
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decreasescontinuallytithincreasingexposurettie. Thetestresults
●

showno significantvariationinYoung’smodulusdueto exposuretimeat
anygiventesttemperature.Thecompressiveyieldstressesobtainedfor
time-temperaturecotiinationswhichproduceeithermaximumyieldstress
or overagingofthematerialareplottedintermsof a time-temperature
parsmeterto obtaina masteryield-stresscurve.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LsmgleyFieldjVs.,August9, 1956.
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Ccwmss.rwlPRoPERTImOF202k+3ALuirmM-ALmYsmETFoRvARIomHwmATmmARDExPowRETIMEs

[lkmlnalsheetthickness,0.06kinch;namfnalstrainrate,0.002perminut~

T,
‘%?

Eqcmre,
hr

%’y
psi

E,
pBt

10.7 X 106

10.3
10.5
10.4
10.5
10.3

10.2
1o.1
10.3
10.2
10.4

9.9
10.0
10.2
9.9
9.8

%
psi

q,
pel

44.0 x 103

44.5
43.5
43.5
43.4
43.7

36.9 X ld

37.5
36.6
36.6
36.6
37.0

43.3x@Room

2CCI
200

2(P3

%
250
23
273

%
w
m

350
350

-----

0.1 43.5
42.1
42.1
42.1
42.6

42.8
42.6
41.0
41.0
42.4

39.3
59.4
38.9
59.8
48.9

.5
1

10
m

44.0
43.0
42.1
42.5
43.2

40.9
41.3
40.4
41.9
%.8

.1 37.2
36.2
35.6
35.6
36.6

34.6
34.7
34.3

Z:?

.5
1
In
100

.1

.5
1

10

38.8 32.6
;:2

3J:;

I % 9.6
33.3

3% I 1- 33.5 38.6

.1

.5

350
350
350
373
350

10
14
18
22

100

@.4
54.3
55.3
D.o
50.5

“1 9.9 43.5 J&o

I
48.8 ZL.8

5.7 51.8
49.5

53.3
9.9 51.1

I 9.8

I kL2

375 I .1 I 3-7.1 9.4 31.5
9.5 33.4
9.4 36.o
9.6 %.1
9.6 44.5
9.7’ 47.6

35.5
37.8

:::
47.5
50.5

375 I .5 I 39.7
375 I 1 I 41.8
375 2 &.6
Tn h k.</,/ I I

.7. -

375 52.1
375 ; 50.6 45.9

45.5
41.2

I ia.ti
47.7

. .
375

I
10 I L9.o

375 lm I 4i.8 I 43.0

400 .1
km

37.0
.2 $.;

400 .3
4@J .4 41:0

9.6

u

;::
9.1
9.4
9.7
9.5

n.3
32.7
32.7
34.9
36.9
45.6
47.0
45.6
43.5
39.1

35.4
37.1
37.1
39.3
41.6402 I .5 I 41.6
47.3
48.9
k7.2
45.3
41.0

403 I 2 ! 56.8

403
I

10 I 42.7
400 I

g.6
KO 35.0 9.4 I %.5 1 33.0

m
e
425
425
425
423
425
423
e

.1

.2

.3

.4

.5

.6

::
1

%.1
42.2
42.9
45.9
46.3
46.8
47.0

g:;

9.2
9.0
9.5
9.4
9.3
9.0
9.4
9.3
9.5

33.6
36.6
53.0

37.9
41.1
g.;

44:0
44.9
45.0
44.0
41.6

41.1

$;

42:2
39.9
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COMPRESSIVEFROP’ERTTESOF

[Nominalsheet

450
450
450
450
g

450
450
450
450

500

z
5CKI
5W
500
500
500
500
w

550
550
550
m
550
550

600

%

z
600

650
650
6X
650
650
650

700
703
700
700
700

;$
700

TABLE I.-Ooncluded

202LT3AImINUM-AImYsmm!FoRvARIousmmRmJms mEXPOsUm TIMEs

thidmess,0.06kinch;ncdnalstr:inrate,0.002perminut~

Exposure,
hr

0.1

:;
.4
.5

1
5
10
50

100

.1

:;
.4
.5

1
5

10
50

100

.1

.2

:?
.5
1

.1

.2

.3

.4

.5
1

.1

.2

:?
.5
1

.1

.2

.3

.4

10
100

Uw,

psi

44.6X 1$
43.0
41.8

$::
38.1
33.5
32.3
28.2
24.5

35.9
34.1
33.9
32.6
32.1
30.3
25.5
23.5
20.5
19.0

25.7
24.6
23.4
22.9
22.4
21.3

20.3
19.0
18.2
16.8
16.7
U.2

12.8
32.0
u.6
10.8
10.9
9.8

8.6
-7.9
7.2

;::
6.4
5.0
4.8

E,
psi

8.9x106.
8.8
9.3
9.2- -..
9.1
9.3
9.1
8.8

8.4

7.2
6.9
6.8
6.8 ‘
7.2
7.1

;::

6:3
6.3 “
6.2

;::
5.4
5.5
5.4
5.3
5.8
5.7

:.

az,
psi

39.8X 1$
38.4
37.3
36.5
35.5
34.4
30.2
29.7
25.5
a.5

32.5
30.6
30.4
29.0
28.6
27.0
22.6
20.7
17.4
16.0

22.8
=,5
19.8
19.5
lg.o
1.8.6

17.7
16.1
15.6
L4.5
14.3
12.6

1o.4
9.6

:::
8.8
7.9

6.5
5.9
5.3
5.3
5.3
4.8
3.7
3.5

41.8X 103
41.0
39.7
58.4
37.5
36.3
31.9
31.4
26.9
22.6

34.2
32.7
32.4

%f
z3.6
23.5
22.0
18.9
17.5

24.5
23.3

%
21..2
20.1

19.2
17.8
17.0
15.6
x5.6
V.9

n.k
10.8
1o.4
9.7

10.0
8.8

7.6
7.0

2::
6.4

z:;
4.2

...: ._. *--
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tests.
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sheet at ~“ F.

. *

I



4$. [: t“

Figure 5.-Compressive stress-straincurves for 202Jt-T>aluminum-alloy
sheet d 300° F.
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Figure 6.-Compressive stress-straincurves for 2024-u abninum-auoy
sheet at 350° I’.
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Figure 7.-Compressivestress-straincurves for 2024-TS aluminum-aM.oy
sheet at 377° F.



Figure 8.-Compressivestress-straincurves for 202kT3 alumlnum-alloy
sheet at k)(l”F.
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sheetatk!~”F.
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sheet at ~“ F.
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